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SUMMARY

Little theoretical or experimental information is currently available regarding the acoustic
absorption coefficients of the lightweight double panel constructions which are frequently
used as walls or roofs of factories. Recent measurements have indicated that these surfaces
may provide the majority of the low frequency absorption in spaces where they are used . A
literature review suggested that an existing model for sound transmission through infinite
double panels could be adapted to the calculation of absorption coefficients. Such a model
was developed and used with material properties appropriate to asbestos panels to predict
the plane wave absorption coefficient as a function of angle, from which the random
incidence absorption coefficient was calculated. It has been demonstrated that absorption
arises from three mechanisms: sound transrn ission through the structure, the mass-air-mass
resonance and coincidence effects.

Each of these phenomena is associated with a

characteristic variation of absorption with angle of incidence and it is proposed that under
appropriate conditions measurements of absorption coefficient versus angle may be used to
identify particular absorption mechanisms. When realistic physical parameter values were
used. the calculated absorption coefficients showed some features akin to those observed in
measured results: e.g., a peak in the 125 Hz l/3 octave band. However, the overall level of
the absorption coefficient was significantly under-estimated by the double infinite panel
model even though the absorption coefficient was large at particular angles of incidence.
Thus it appears that the infinite double panel model does not account for all significant
absorption mechanisms which operate in real constructions. A more complete model which
accounts for finite component panel size is described in a companion article [l].
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1. INTRODUCTION

1. 1. BACKGROUND

Many modern building shells are made of lightweight constructions. These structures are
often composed of essentially plane surfaces consisting of arrays of rectangular panels, these
panels generally being supported along their edges where they meet adjacent panels. Such
arrays may consi st of either single or double layers of panels. When the double thickness
construction is used, the space between the inner and outer surfaces may contain either air
or some lining material (which is normally chosen for its thermal insulation properties).
Typical of single layer panel arrays are the glass walls often found in public buildings,
swimming pools or offices, whilst the double panel arrangement tends to be used in
industrial applications: i.e., the construction of factory or warehouse roofs and walls. In the
latter case the panels are typically made from either asbestos, or, more recently, P. V. C. 
clad steel. In double panel arrays, the exterior surface is usually corrugated, while the inner
one is flat.
T he interiors of the buildings in which these panel structures are used may feature little
absorption o n other surfaces. Thus it is important to be able to predict the absorption
coefficients of these panel arrays since they may control the acoustics of the spaces they
enclose, particularly at low frequencies. Furthermore, since the shape of buildings such as
factories is often highly disproportionate, it seems unlikely that a statistically diffuse sound
field will exist in their interiors.

It is therefore nec~ssary to establish whether the

absorption of panel array structures is strongly dependent upon the angle of sound
incidence.

In this paper the background to the problem of sound absorption by panel

structures is de scribed and then a theoretical model comprising parallel infinite panels is
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developed. This model was found helpful in interpreting some observed effects, although
absorption coefficients calculated using it were smaller than those observed experimentally.
A companion paper [1] describes an extension of the model which takes account of the finite
size of the component panels which comprise the interior and exterior surfaces; this model
was found to predict results in closer agreement with available measurements.
Initially, a literature review was performed to establish whether any of the above points
are addressed in the open literature; the results of this review are summarized in the next
section. The implications of the published results for the research described here are then
discussed in section I. 3.

1.2.

SUR VEY OF THE LITERATURE ON THE ABSORPTION CHARACTERISTICS
OF LIGHTWEIGHT BUILDING SHELL STRUCTURES

Little information is available in standard building acoustics texts on the measured
absorption characteristics of lightweight building shell materials: e.g., glass, asbestos, or
PVC-clad steel sheets.

Of these three materials, glass sheeting is the best documented.

However, there is often no indication of either the thickness or size of the panel tested, or
how it was mounted; all three of these factors affect the acoustic absorption. Lewis [2] has
presented diffuse field absorption coefficient results for a glass pane of dimensions 1.25 m x
0.85 rn x 0.003 m, although he stated that 0.004 m and 0.006 m thicknesses are standard.
Parkin, Humphries and Cowell [3] have given values for the diffuse field absorption
coefficient for the latter thicknesses , but do not indicate· the size of sheets tested. The
results from references [2] and [3) are plotted in Figure I.
PVC-clad steel is a relatively recent industrial building material and reports of diffuse
field tests on a large number of sheet and lining combinations have been given by Friberg
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(4,5]. Ile found that significant absorption is possible, with measured absorption coefficients
being about unity in certain frequency bands. However, Friberg concluded that there is no
simple way of characterising the performance of these materials.

Surprisingly, the

absorption characteristics of the more 'old-fashioned' asbestos roofing sheets appear to be
not so well documented; before the start of the research described here no information was
readily available. As part of research into the scale modelling of factory acoustics it was
therefore found necessary to perform absorption measurements for this type of structure
(see reference [6J). The tests were performed on a 2.03 rn x 2.44 m sample which consisted
of two panels , one corrugated, the other essentially flat. The sample was placed in the
opening between reverberant and anechoic chambers, with the flat (inner) panel facing into
the reverberant environment. Standard absorption coefficient tests were then performed in
the reverberation chamber and the results are presented in Figure 2 for two configurations,
one with 0.019 m spacers between the panels, the other without spacers (i.e., the two panels
were in contact with each other). It is apparent both from these experiments and published
results [3,4,5] that the acoustic absorption of double panel constructions can be significant,
especially at low frequencies.
The survey of the literature on experimental results indicated that there is a large body of
work on the transmission loss of panels such as glass.

Unfortunately, these cannot be

converted directly into absorption values, since the absorption coefficient represents the sum
of both the energy transmitted and dissipated by the panel structure. A review of published
theoretical work on the acoustics of panel structures revealed a similar abundance of papers
concerned primarily with transmission loss .

However, it is often possible to use the

analytical techniques described in these papers to evaluate a structure's absorption
coefficient.

Since there have been some experimental values reported for diffuse field

conditions, but not for the variation with plane wave angle of incidence, the latter case was
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of prime concern in assessment of the theories. This concern 1:tlso reflects the fact that
acoustic fields in buildings where these panel structures occur are often not st1:ttistically
diffuse. Once the variation of the plane wave absorption coefficient with angle of incidence
has been established, it is comparatively easy to determine the random incidence absorption
coefficient if desired.
The earliest papers on sound transmission by double panel construction s deal only with
infinite panels. The two original solution methods appear to be those due to Deranek and
Work [7] and London [8]. Beranek and Work considered the case of plane waves normally
incident on two or more infinite plates separated by one or more spaces containing either air
or a flexible hlankct; their solution is based upon an impedance transfer technique. This
method shows that the acoustic fields on either side of an interface are related by the ratios
of the two impedances there; in addition, acoustic quantities may be transferred across an air
space or porous blanket by using formulae derived from one-dimensional wave theory .
Beranek and Work used their technique to evaluate the ratio of the transmitted wave to the
incident wave.

They could equally have progressed from the expression for the normal

impedance of the front surface to a value for the reflection coefficient of the whole system,
and hence have obtained an absorption coefficient (which includes both the transmitted and
dissipated energy).

An application of this technique to the prediction of absorption

coefficients is reported by Tseo [9] who estimated the transmission , reflection and
absorption of sample structures for a normally incident plane wave.
London [8] used a different approach to estimate the diffuse field transmission loss of
two infinite plates separated by an air space, although, m principle, his method can be
extended to account for any number of panels.

The method proceeds from a known

incident plane wave field by expressing the wave field in each air-filled section in term s of
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plane waves of unknown amplitudes . The transmitted field is also assumed to be a plane
wave of unknown amplitude. Application of velocity continuity boundary conditions and use
of the known impedance conditions at each partition allows 2N simultaneous equations to be
written (where N is the number of partitions in the system). This set of equations may be
solved to give the amplitudes of each plane wave component, and thus, the transmission and
reflection coefficients, if desired.

Once the plane wave transmission coefficient,

T,

at a

particular angle of incidence, 8, and frequency, w, has been calculated, it simply remains to
integrate over angle of incidence to obtain the diffuse field transmission coefficient: i.e.,
82

JT(0 ,w )cos8sin8d8
(1)

8~

Jcos8sin8 d0
0

where 82 is the limiting angle beyond which no sound arrives. London chose 0 2 to be 90°,
but other authors (see, for example, references [10) and [11)) have occasionally preferred to
use a value between 75° and 85°. By using this technique London obtained good agreement
between theoretical and experimental results.

However, Mulholland,

Parbrook and

Cummings have indicated that London's impedance term contains a resistance factor, R,
which they dispute , alleging that:
he introduced this term to align the theoretical values of transmission loss with the
measured values . There appears to be no other reason for the introduction of the R
term, nor any physical process that would necessitate its introduction [ l OJ.
Mulholland et. al. have also presented an alternative derivation of the transmission loss
based upon ray theory [10). In their approach, an incident ray is partly specularly reflected
at a panel and partly transmitted, the amount transmitted being deduced from the mass law.
The transmitted rays' amplitudes follow a geometric progression which can be summed to
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obtain a transmission coefficient in agreement with Beranek and Work's result .

This

method was extended to finite panels in reference [11]. In the extended model, rays which
pass through a panel a re still atlenuated by a mass law-related factor, but those arriving at
the partitioning between two panels are assumed to be absorbed by a certain amount.
A final addition to published multiple infinite panel transmission loss theory came from
Mulholland, Price and Parbrook [12) who modified the Beranek and Work method to allow
for non-normal angles of incidence and then numerically integrated equation (1) to obtain
the diffuse field transmission loss.
In the consideration of the behaviour of finite panel s, statistical energy analysis (SEA) is
sometimes used. The use of thi s method in predicting the transmission loss of multiple
panel systems is described in reference [13). This technique assumes a high modal density
in each portion of the system and is hence best suited to the prediction of high frequency
transmission loss . In addition, SEA cannot provide predictions of angle of incidence
behaviour.

Thus, SEA was not considered to be an appropriate technique for the case

considered here.
There are a number of mode matching approaches to modelling a cavity-backed single or
double panel structure, a configuration which is sometimes used to represent a room behind
a window (see, for example reference [14]). These techniques will not be considered since a
modal model for a large room is impractical at realistic fr equencies ; in addition only single
panel cases have so far been considered in detail. Sound transmission through both single
and double finite panels in infinite surrounds has been considered by Sewell [15,16] . This
treatment is not appropriate for the prediction of the behaviour of structures in which
panelling comprises the entire surface.
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Another approach relies on the surface possessing a regularly repeated panel structure
and bein g sufficiently large that one can assume infinite periodicity.

This approach is

described in the paper by Lin and Garrelick [17) . They solved the problem of t wo infinite
plates connected b y periodically spaced frames and thus compared the relative importance of
the two tra nsm ission paths (i.e., the structural path through the studding and the airborne
one through the cavity space). In their model, however, they allowed only for infinite plate
behaviour and the presence of a single standing wave system between the front and back
panels (thus neglecting modal panel response and non-specular transmitted and reflected
acoustic field s).

However the idea of using the infinite periodicity of the structure to

simplify the problem is attractive and is pursued elsewhere [l].

1.3. IMPLICA TIONS OF THE LITERATURE REVIEW

Available experimental data show that arrays of glass, PVC-clad steel and asbestos sheets
can have large diffuse field absorption coefficients, especially at low frequencies when the
panel surfaces are likely to be the major absorbers in the spaces which they contain [6]. As
yet there do not appear to have been any measurements of the variation of this absorption
with angle of incidence; the majority of tests have been designed to measure transmission
loss under diffuse field conditions.

As noted, experimental tran smission loss cannot be

converted directly into an absorption coefficient since the latter also includes energy
dissipation effects.
Theoretical models have sim ilarly been directed towards the prediction of tran smission
loss. However, although few calculated absorption coefficients have been published, it is
possible to derive them from a number of existing theories.

Of these, the one due to

Derane k and Work [7] appears to be the most versatile, especially with the amendments
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proposed by Mulholland, Price and Parbrook [12). This approach does not appear to have
been used to calculate the diffuse field absorption coefficients of double panel systems.
An investigation to establish whether infinite plate models could be used to match
observed random incidence absorption values therefore seemed appropriate.

If such a

model can dup licatc the diffuse field behaviour, it is not unreasonable to expect that it may
also provide information on the variation of the plane wave absorption coefficient with
angle of incidence. In the next section, the development of the infinite plate absorption
model, based on the impedance transfer technique, is described. In section 3 calculations of
the diffuse field absorption coefficient for typical material values are presented. These
results are discussed with reference to available experimental data in section 4.

2. THEORETICAL MODEL FOR THE ABSORPTION OF SOUND BY
MULTIPLE INFINITE PANEL STRUCTURES

2.1.

DETERMINATION OF THE ACOUSTIC IMPEDANCE OF AN INFINITE
PANEL FOR AN INCIDENT PLANE WAVE

Before a theoretical model of a composite structure can be developed, the behaviour of
the individual components must be understood. Therefore, in this case, the impedance of a
single infinite plate forced by a harmonic plane wave field is studied. The geometry of the
problem is shown in Figure 3. The equation governing forced motion of a point on a thin
plate of thickness h, is:
(2)

where W is the plate lateral displacement,

Ms the plate's mass per unit area,

T)

the loss

factor for the material (i.e., the fraction of the total energy of vibration dissipated per
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radian) , D the structural bending stiffness and P 1 the sum of the complex amplitudes of the
incident and reflected plane wave fields at z = 0. As usual , k is the wave number, which is
equal to w /c, c being the ambient speed of sound , and i is the square root of -1. For the
moment it is assumed that there is a vacuum in the region z < 0; account will be taken of
the transmitted wave in a separate step . The bending stiffness of a flat isotropic plate is

Eh 3/ 12(1-v2 ), where

E and v are the material's Young's modulus and Poisson's ratio,

respectively. The surface velocity of the plate must follow the incident field in time and
space; therefore the plate's normal velocity can be assumed to have the form

W ei(wt-kysioe)
0

whe re W O is the complex amplitude of the plate 's transverse velocity (which is assumed to
be positive in the negative z direction). Equation (2) may then be rewritten as,
(3)

The plate's surface normal impedance is the ratio of the pressure at its surface to the surface
normal velocity in the negative z direction; from equation (3). the impedance can be written
as:
(4)

Equation (4) gives the in vacuo normal acoustic impedance of an infinite flexible partition
when a plane wave is incident at an angle 0. It te nds to have a minimum value when the
4

frequency is such that wM 5 is equal to (D/w )k sin4 0; in this condition the impedance is
4

entirely resistive and is equal to 'Yl (D/w )k sin 4 0.
condition occurs
I

is known as the plate's

critical

The lowest freque ncy at which this
frequency,

fc,

which is equal

to

•

(c2/27r)(M/ D)\ this is the frequency at which the imaginary part of the impedance goes to
zero when a plane sound wave is incident at a grazing angle: i. e ., 0

= 90°.

At frequencies

well below critical the impedance is mass-controlled. At frequencies greater than critical
there is always some angle of incidence at which the reactance disappears; this condition
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occurs at the so-called coincidence frequency. The expression for Zw(0 ,w) will be used as
a basic component in the construction of the multiple infinite panel absorption model which
is described in the next sub-section.

2.2.

THE DOUBLE INFINITE PANEL ABSORPTION MODEL

The aim in this section is to calculate the plane wave absorption coefficient, at an angle
0, for an infinite double panel construction as shown in Figure 4.

The plane wave

absorption coefficient may then be integrated over angle to give the random incidence value.
In order to predict the absorption coefficient, the surface normal impedance at interface
l must first be established. This may be done by using an impedance transfer technique
similar to that of Beranek and Work [7]. For a multi-panel system of the kind shown in
Figure 4, the impedance must be transferred across either partitions or air-spaces.

To

obtain the impedance at interface 3, for example, given the value at interface 4, the in vacuo
normal impedance of the panel is simply added to the impedance at interface 4 (taking care
to ensure that normal velocities are always taken in the same direction). This can be seen
from consideration of the force balance across panel 2 in Figure 4, for which, at any point,
(5)

Here Y2n is the normal particle velocity in the negative z direction at interfaces 3 and 4 (and
hence necessarily equal to W 0 ) and Zwi(0 ,w) is the surface normal impedance of plate 2 as
defined by equation (4) when the appropriate material values are u sed for

Ms, D and

1).

In

equation (5), and in the following, a numerical subscript is used to indicate the interface at
which the pressure or acoustic impedance is evaluated. 0 wing to the continuity of velocity
across the panel, division of equation (5) by V 20 results in:

- 14 

(6)
In this equation Z 4 is the impedance at interface 4 due to a plane wave transmitted at angle

0 into a space with a characteristic impedance pc (presuming there are no reflections from
the region z

< - C). To transfer impedance across an airspace, one-dimensional standing

wave theory can be used. For instance, the impedance at interface 2 of Figure 4, given the
value at interface 3, is (see reference [18])

Z 2 = (pc/cos0)[coth(jktcose + tj, 2)],

(7)

where tj, 2 is coth- 1(Z3 cos0/pc). To calculate the normal impedance at the front surface of
the structure it only remains to add the in vacuo normal impedance of panel 1 (from
equation (4)) to Z 2: i.e. ,

where Zw 1(0 ,w) is the normal impedance of plate 1 as defined by equation (4).
This method can be applied sequentially to tran sfer acoustic impedance across any
combination of infinite panels separated by air spaces. The method can also be extended to
cover situations in which there are flexible blankets (i.e., porous materials) between the
panels, the major change being an alteration of the characteristic impedance and wave
number in the lined cavities.

The presence of a lining material also causes th e angle at

which sound leaves the first panel and strikes the next panel to differ from the angle of
incidence, 0 (for angles other than 0°). These effect have been considered by Beranek and
Work [7] for normal incidence, and Mulholland, Price 'and Parbrook [12] for oblique
incidence.
Given the front surface impedance of the complete structure, the next step is to evaluate
the reflection coefficient. When a plane wave trave llin g at an angle O is incident upon a
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surface, the pressure reflection coefficient, R(0), may be written as (19] ,

R(e) = (,n(e)cos8-l)/(, 0 (0)cos0+ 1),
where , 0 (0) is the normal acoustic impedance of the surface normalized with respect to the
characteristic impedance of the medium in the region z > 0. In the present instance , 0 (8) is
equal to Zif pc. It is now possible to obtain the plane wave absorption coefficient for the
whole structure from the expression

a(e) = 1 - IR(e) 12 .

(8)

The method outlined above enables the calculation of the absorption coefficient of any
combination of infinite panels and airspaces for a given angle of incidence. However, to
permit comparison with measured results, a diffuse field value is required. The latter can
be calculated using Paris' formula (see, for example, reference (201): i.e.,
-rr/2
adiff

2

f

a(0)cos0sin0d0,

(9)

0

in which the integration is generally most easily performed numerically. Integration of
equation (9) over the appropriate frequency band, and subsequent normalization by the
bandwidth, allows the evaluation of theoretical 1/3 octave random incidence absorption
coefficients for any multiple infinite panel - air cavity structure. The only requirements for
the implementation of this model are a knowledge of the panels' physical constants (i .e.,
Young's modulus, surface density and loss factor) and the geometry of the arrangement
(i.e., inter-panel spacing).

The determination of these constants and their use in

computation of the absorption coefficient are described in the following sections.
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3. USE

or THE

DOUDLE INFINITE PLATE MODEL TO PREDICT THE

ABSORPTION OF AN ASBESTOS ROOF CONSTRUCTION

3.1. ESTIMATION OF MATER JAL PARAMETERS
In order to use the model of section 2. 2 to predict the absorption of a double panel
asbestos roof, it is necessary to know the mass per unit area, bending stiffness and loss
factor of the two constituent panels and the inter-panel spacing.

The model only

accommodates plane surfaces, thus the back panel was assumed to be flat but with altered
mass per unit area and bending stiffness to account for the effect of the panel corrugations.
No information was readily available regarding the dynamic properties of asbestos sheeting,
so measurements were performed on samples cut from the sheets that had been used to
obtain the experimental absorption values of Figure 2.
The ratio of the measured mass to surface area for the flat (front) panels was 12.09

kg m - 2. The effective increase in mass per unit area for the corrugated (back) panel was
estimated from

the increase in surface area due to the corrugations (which were

approximately sinusoidal, having a spatial period of 0.145 m and an amplitude of 0.027 m).
This produced an effective superficial mass (i.e., mass per projected plan area) of 15. 72 kg

m-

2

.

Both front and back panels were formed from 0.006 m thick sheets.

The Young's modulus and the loss factor for the asbestos sheeting were measured in the
following way. A 0.67 m x 0.027 m x 0.006 m sample of flat sheet material was suspended
horizontally by two thin nylon lines. An accelerometer (Brue) and Kjaer type 4344) was
attached to this beam by means of beeswax, and its output was fed via a charge amplifier
(Brue! and Kjaer Type 2635) into a Hewlett Packard Digital Signal Analyser (Type 5420).
The beam was excited impulsively with a small hammer, and the accelerometer output was
stored in the signal analyser. Analysis of the results in the frequency domain revealed the
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frequencies the beam's first few modes. The first beam mode was found to occur at 46. 9
Hz, the second at 125 Hz, and the third at 250 Hz. Insertion of these frequencies and the
other relevant parameter values into equation (5. l.20) of reference (18) permitted evaluation
of the Young's modulus. Using the first three modes, the Young's modulus was estimated
to be 5.23 x 1010 Nm- 2, 4.89 x 1010 Nm- 2 , and 5.09 x 10 10 Nm- 2, respectively. Thus it
seemed reasonable to use a value of 5 x 1010 Nm -

2

in the theoretical calculations; the

Young's modulus was assumed to be independent of frequency.
To determine the loss factor, measurements of vibration decay rate were made in various
frequency bands.

The centre frequencies of these bands were chosen to coincide with

maxima in the acceleration spectrum as measured above. This choice ensured a good signal
to noise ratio for all the tests performed. The bandwidth of the filter used in each case was
chosen to be sufficiently narrow to pick out a single peak in the frequency domain, but not
so narrow as to cause the filter to ring excessively and so obscure the beam's resonant
decay. With the appropriate filter inserted in the accelerometer chain the beam was
impulsively excited and the transient decay recorded. Substitution of the decay rate into the
equation Tf = 2.2/f 0 T60, where f 0 is the band's centre frequency and T60 is the time taken
for the vibration level to decay by 60 dB (see section 14.1 of reference [21]) , allows the
evaluation of the loss factor, 11, in the chosen frequency band. This measurement was made
at five frequencies below 1 kHz, and the estimated loss factors are shown in Figure 5 as a
function of frequency.

A constant value of 0.02 was used in most of the calculations

discussed below.
The general form for the bending stiffness of an isotropic flat plate is D

= EV(1-v 2) ,

where E and v are the plate material's Young's modulus and Poisson's ratio , respectively,
and I is the second moment of area about the neutral axis (for an isotropic plate, this is
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given by h 3/12 per unit width, where h is the panel thickness). An investigation of the
literature revealed no published data for the Poisson's ratio of asbestos sheeting; for the
calculations shown below it was assum ed to be 0.3, a value which is typical for many
structural materials. Compared with the other assumptions implicit to the infinite double
panel model, the effect of an error in v is small since it appears in the bending stiffness as a
factor ( 1 - v 2).
In order to implement the model, it only remains to estimate the bending stiffness of the
corrugated backplate. For a structure of this type the bending stiffness is dependent upon the
direction

in

which

bending occurs.

Such plates are termed orthotropic,

and the

mathematical description of their vibrational behaviour is complicated (see, fe r example,
reference (22]). For simplicity, in the present model, the back plate was assumed to be flat
and isotropic with its bending stiffness altered to account for the corrugations. A number of
different values of bending stiffness were used in the calculations presented in section 4.
Two values used were 0.75 and 31 tim es the front plate's bending stiffness; these values
were calculated for a plate having sinusoidal corrugations of spatial period 0. 145 m and
amplitude 0.027 m, the first value being appropriate for bending about an axis parallel to
the corrugation and the second value being for bending about an axis perpendicular to the
corrugations. These values were obtained from the equat ions of A rticlc 86 in reference
(22]. Calculations are also presen ted below for back plate bending stiffn esses 96 and 140
times larger than that of the front panel.
Calculations of bending stiffness as a function of azimuthal angle indicated that the
bending stiffness of a corrugated plate is both nearly constant and much larger than that of a
flat plate of the same material unless the neutral axis is very nearly parallel with the
corrugations. The reduction in bending stiffness occurs when the angle is such that less than
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one corrugation cycle is included in the calculation of the second moment of area per unit
width. Thus the bending stiffness seen by a plane wave incident on a corrugated plate is
markedly larger than that of the uncorrugated plate except at azimuthal angles of incidence
which are perpendicular, or nearly so, to the corrugations. This has been noted previously
in connection with sound transmission through single orthotropic panels when the ratio of
the bending stiffness in the stiffest and limpest direction is large (see section 11.4.3 of
reference

[21]).

Thus absorption results calculated using the double panel model

incorporating a back panel having a stiffness approximately 30 times the front panel were
felt to be most nearly representative of the effect of the corrugated plate. However, results
for all the back plate stiffnesses mentioned above have been included to illustrate various
physical effects. Finally, it is also clear that the results can only be expected to be accurate
when the acoustic and structural wavelengths are much larger than the corrugation period.
An inter-panel spacing of 0.03 m has been assumed in most of the calculations described
below. This was the approximate distance between the panel center planes (when spacers
were present) in the structure that was used to provide the absorption data for Figure 2.
Results are also shown for an inter-panel spacing of 0.05 m in order to illustrate the effect
of increasing the cavity depth.

3.2. CALCULATION OF ABSORPTION COEFFICIENTS

All the parameter values necessary to use the double infinite panel model of section 2.2
to estimate the absorption of an asbestos roof construction. have thus been determined. A
computer program was written to evaluate the random incidence absorption coefficient
according to equation (9). The integral was evaluated in the following manner. F irst, the
integration interval was split into two halves and the integral over each was calculated using
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a 10 point Gaussian integration scheme. Next, each of the original intervals was itself split
into two, and the integration was repeated using four applications of the 10 point Gaussian
integration procedure.

This process of subdividing the intervals was extended until the

results of two successive integrations over the entire interval , 0 to -rr/2, agreed to within 0. 1
percent. To obtain an estimate of the 1/3 octave random incidence absorption coefficient,
the absorption coefficient was first calculated using the above procedure at 10 frequencies
within each 1/3 octave.

The results were then averaged, using 10 point Gaussian

integration, to give the final result.

The variation of the J/3 octave random incidence

absorption coefficients with frequency is shown in Figure 6. In addition, the variation of
tbe plane wave absorption coefficient, a.(0), with angle of incidence is shown in Figure 7
for a number of different frequencies. The main features of these plots are discussed in the
next section.

4. DISCUSSION OF TIJE INPINITE DOUBLE PANEL ABSORPTION MODEL RESULTS

4.1. VARIATION OF THE RANDOM INCIDENCE ABSORPTION COEFFICIENT

WITH FREQUENCY
The results shown in Figure 6 illustrate the effects of changes in the back panel's
bending stiffness, both panels ' loss factors, and the inter-panel spacing. It is evident
from the results for the frequency range 40 Hz to 4 kHz that for the chosen range of
material properties and inter-panel spacings there are three major causes of absorption.
At low frequencies (i.e., less than 100 Hz) there is a consistent increase of
absorption with decreasing frequency.

At these frequencies the two panels vibrate

approximately in phase and behave rather like a single panel. Thus in this regime
absorption is simply due to sound transmission through the structure, an effect which is
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mass controlled (see reference [21], section 11.2) . The mass law predicts that the
transmission loss increases by 6 dB for each doubling of frequency; this is equivalent
to a factor of four decrease in the absorption coefficient. This trend is evident below
100 Hz in all the plots of Figure 6. Note also that in this regime the effect of back
panel stiffness and the panels' loss factors are negligible, as expected; the change in
inter-panel spacing has a visible but small effect.
The next feature evident from Figure 6 is the absorption peak in the 160 Hz 1/3
octave band for the cases having 0.03 m inter-panel spacing and the peak in the 125 Hz
band for the case with a 0.05 m inter-panel spacing. These peaks are attributable to a
mass-air-mass resonance, a condition which results in maximum transmission and
therefore, in the present context, maximum absorption. This resonance occurs when
the mass reactance of the two vibrating panels is balanced by the stiffness of the air
trapped between them. Theory indicates that in the present instance the resonance
should occur at 130 Hz (0.03 m spacing) and 100 Hz (0.05 m spacing) when the panel
system is excited by normally incident sound waves [23). As will be seen shortly, the
mass-air-mass resonance shifts to progressively higher frequencies as sound strikes the
panels at increasingly oblique angles of incidence.

Thus the random incidence

absorption coefficient reaches its peak at a frequency somewhat higher than normal
incidence theory indicates. This effect is discernible in the results shown in Figure 6.
Theory also indicates that panel stiffness and loss factor play no significant role in the
mass-a ir-mass resonance: i.e., no significant absorption results from flexural motion
of the panels; this too is evident from a comparison of the various plots in Figure 6.
The third absorption mechanism is that due to the coincidence effects which were
described in section 2.1. Coincidence occurs when the incident trace wavelength is
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equal to the wavelength of free bending waves in the panel.

In this condition the

plate's impedance is purely resistive, and response is limited primarily by the loss
factor: i.e., by energy dissipation resulting from flexural motion of the panel. Since a
plate's critical frequency is inversely proportional to its bending stiffness, in all the
plots of Figure 6 (except Figure 6(c)) absorption features due to coincidence at the
back plate are visible at lower frequencies than those features due to coincidence at the
front plate. In all cases the critical frequency of the front plate (D1

=

989 Nm) is 2.03

kHz. The critical frequency of a back plate 3 I times stiffer than the front plate (i.e.,

D 2 = 30659 Nm ) is 417 Hz. When the back plate's stiffnes~ is 0.75 times that of the
front panel (i.e ., D 2 = 741. 75 Nm) its critical frequency is 2.68 kHz; when it is 96
times stiffer (i.e., D 2

=

140 times stiffer (i.e., D 2

94944 Nm) the critical frequency is 237 Hz; and when it is

=

138462 Nm ), the critical frequency is 196 Hz.

Inspection of Figures 6(a) and (b) revea ls small absorption peaks in the 400 Hz and
2 kl-I z I /3 octave bands; their levels can be seen to depend on the loss factor. These
frequencies agree well with the predicted critical frequencies of the back and front
plates, respectively. The 2 kHz absorption peak can also be seen in Figures 6( c)
through 6(f) since the front panel stiffness was the same in all cases.

Absorption

peaks due to coincidence effects at the back plate are visible in all the plots of Figure 6
(except 6(f)) near the appropriate frequencies, but they tend to be partially obscured
when the critical frequency approaches the mass-air-mass resonance, as it does in the
cases incorporating relatively stiff back plates.
It should not be automatically assumed that all peaks above the mass-air-mass
resonance are due to coincidence e ffects. For example, in Figure 6(c) there are small
peaks in both the 315 Hz and 630 Hz bands, well below the coincidence frequencies of
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both front and back panels. These additional peaks may be due to higher order depth
resonances; however, the amount of absorption they produce is quite small.
Finally, note that the effect of an increase in the inter-panel spacing (compare
Figures 6(a) and (f)), is to decrease the frequency of the mass-air-mass resonance, and
to reduce to insignificance the effect of any absorption peak due to coincidence at the
back plate.
The above results have indicated that in the frequency range of interest, and for the
parameter values chosen, there are three distinct causes of absorption: i.e., simple
panel tran sm ission , mass-air-mass resonance and coincidence.

However, it is also

clear that the absorption levels predicted are significantly too small when compared to
the experimental results of Figure 2 even though a range of physically realistic
parameters were used in the calculations. Therefore an absorption mechanism in
addition to those allowed for in the double infinite panel model must be responsible
for a significant fraction of the energy absorbed by the real asbestos roof structures.
This point is pursued in refe rence [ l] where th e effect of finite component panel size is
discussed. It is nevertheless of some interest to consider the variation of plane wave
absorption coefficient with angle of incidence which is predicted by double infinite
panel model; this is discussed in the next sub-section .

4.2. VARIATION OF ABSORPTION WITH ANGLE OF INCIDENCE
It is immediately obvious from inspection of the p.Jots in Figure 7 of the absorption
coefficients ' angular variation that the absorption mechanisms in this model are highly
tuned; very high levels of absorption are possible, but only over limited angular ranges
for a given frequency.
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At frequencies below the mass-air-mass resonance, the only significant absorption
occurs at angles of incidence close to grazing (i.e., near 90°, as in Figure ?(a)). At
grazing incidence, the absorption coefficient goes to unity; this behaviour is inherent to
the model. At grazing incidence there is no incident velocity normal to the surfaces
but there is an incident pressure. Since normal velocities are matched at the surfaces
of the panels, it follows that there cannot be any plate motion or particle velocity
normal to the plate's rear surface. The only way this can be achieved is to balance the
pressure across the panel, which can be realised by the presence of a wave identical to
the incident wave, but travelling behind the plate. Grazing incidence therefore appears
to result in perfect transmission; hence the model predicts an absorption coefficient of
unity. Whether or not the model is correct in this limit is immaterial to the present
discussion for two reasons.

First, it is physically impossible to reproduce these

conditions exactly in practice, and, secondly, if one is interested primarily in the
calculation of random incidence absorption coefficients , the importance of any
contributions from the vicinity of 90° is minimized by the angular weighting term in
equation (9).
The mass-air-mass resonance discussed in connection with the 1/ 3 octave diffuse
field results above, appears first at normal incidence (Figure 7(b)). Since it is the ratio
of the inter-panel spacing to the phase wavelength normal to the surface (i.e., the
vertical distance between points of the same phase in the incident wave field) which
governs this behaviour (along with the panel masses, of course), the absorption peak
moves towards grazing angles of incidence as the incident frequency is increased. This
behaviour can be seen from comparison of Figures 7(b) and 7(c).

As might be

expected from the above argument, an increase in the inter-panel spacing has the effect
of increasing the angle at which the mass-air-mass resonance is observed for a given
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frequency, as is seen from comparison of Figures 7(c) and (d).
In contrast to the absorption resulting from the mass-air-mass resonance, the
absorption due to coincidence appears initially at grazing incidence and moves towards
normal incidence with increasing frequency.

This follows from

the fact that

coincidence occurs when the incident wave phase wavelength parallel to the surface
equals the wavelength of a free bending wave travelling in the panel. This contrasts
with

the

mass-air-mass

resonance case in

which

it is the phase wavelength

perpendicular to the surface which is of importance. A s a rule it is relatively hard to

see the detailed characteristics of any absorption peaks caused by coincidence effects at
the back plate since they arc comparatively sma ll and tend to be obscured by mass-air
mass resonance effects. However the peak shown in Figure 7(e) can be seen to shift
towards normal incidence with increased frequency as predicted for absorption
governed by coincidence effects; thus it appears that this particular absorption peak
may be attributed to coincidence at the rear panel. Although this absorption maximum
is smaller than those which occur at other frequencies for angles nearer to normal or
grazing incidence , it is comparatively strongly weighted in the computation of diffuse
fie ld values due to tbe angular weighting factor in equation (9).
At higher frequencies the main absorption peak (i.e., due to the mass-air-mass
resonance) continues to move towards grazing. This is shown for 600 H z in Figure
7(f) (where a further small absorption peak, presumably due to coincidence behaviour
at the back plate, can still be seen at around 55°) .. The main absorption peak then
remains at about 80°, but diminishes in magnitude with increased frequency , until the
critical frequency of the front plate is reached. At this point an absorption peak starts
to move towards normal incidence as was indicated above. Results for two frequencie s
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above the critical frequency of the front panel are shown in Figure 7(g). This peak
becomes less significant as the frequency is increased and at very high frequencie s the
model does not predict any significant absorption.

5 . CONCLUSIONS

This paper has been concerned with the acoustic absorption of lightweight double
panel structures as used in modern buildings. The study arose out of research on the
acoustics of large interior spaces such as factories. These spaces are often non-Sabine,
and thus the variation of absorption coefficient with angle of sound incidence was
studied, along with the frequency-dependent behaviour of the more frequently used
random incidence absorption coefficient.

A preliminary review of the literature

revealed that there is little information extant, whether experimental or theoretical,
which pertains to these structures. However, the review did indicate that it would be
feasible to adapt existing theories for sound transmission through infinite double
panels to the calculation of absorption coefficients.
In the present instance , the major concern was to interpret measurements of the
absorption coefficient of an asbestos double panel roof which were obtained as part of
a factory noise modelling project. Material values for this particular structure were
estimated and used in calculations of the random incidence absorption coefficient. It
was found that the absorption behaviour fell approximately into three regimes: a
mass-controlled region at low frequencies, a mass-air:mass resonance region at higher
frequencies, followed by a coincidence region at higher frequencies again. Owing to
the corrugation of the back panel (i.e., the exterior component of the double panel
construction) the critical frequencies of the front and back panels are different by a
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factor of about 5 (for the nominally appropriate bending stiffnesses). The back plate,
being stiffer, has a critical frequency approximately within an octave of the mass-air
mass resonance frequency of the complete system. For this reason, the contribution of
the coincidence effect to the total absorption was found to be relatively minor.
The angular behaviour of the three absorption mechanisms was quite distinct. At
frequencies below the mass-air-mass resonance, in which case absorption results from
sound transmission, the absorption increases monotonically with angle of incidence,
reaching a maximum of unity at grazing incidence.

The mass-air-mass resonance

appears first at normal incidence and then at higher frequencies produces an absorption
peak at a particular angle of incidence; the peak shifts towards 90° as the frequency is
increased. In contrast, the absorption peaks due to panel coincidence effects appear
first at grazing incidence and move toward smaller angles as the frequency increases.
In principle, a knowledge of these trends would allow the identification of particular
absorption mechanisms from measurements of absorption coefficient as a function of
incidence angle. For this reason, the angular behaviour was examined in some detail.
When physically reasonable material properties were used in the double infinite
panel model, the absorption coefficients predicted were much smaller than those
measured for the particular asbestos roof described earlier. Thus a more detailed
model has been developed and is described elsewhere [1 ]. However, the present work
may prove applicable in situations where double walls are constructed of continuous,
or at least a few very large, panels. Finally, it shoul~ be noted that while the. random
incidence absorption coefficient predicted for infinite double panels of the type
considered here is never very large, there may be significant absorption at particular
angles of incidence. This may be significant when the acoustic field in a space is
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particularly non-diffuse.
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FIGURE CAPTIONS

Figure 1.

Absorption coefficient vs. frequency for glazing.

_ _ _, window pane 1.25 rn by 0.8 rn by 0.003 m (after Lewis [2]);

_._.._._, 0.006 m glazing (after Parkin , Humphries and Cowell (3]);

-·-·-·-, 0.004 m glazing (after Parkin, Humphries and Cowell [3]).

Figure 2.

The measured absorption coefficients for asbestos roofing with and
without spacing battens between the outer (corrugated) and inner (flat)
panels ( adapted from reference [6]).

-•-•--_, with 0.019 m battens;

_ ._._._, without battens (i.e., panels in contact).
Figure 3.

The infinite plate geometry. The panel thickness, h , is assumed small
compared to

a

wavelength; the

concentrated in the plane z

=

panel mass is

assumed

to

be

0.

Figure 4.

The double infinite plate absorption model geometry and notation.

Figure 5.

The loss factor, Tl, for asbestos sheeting, measured from beam tests in
the laboratory.

Figure 6.

Random incidence 1/3 octave absorp!ion coefficients calculated using
double infinite panel model. Parameter values: Msl

=

12.09 kg m 2 ;

Ms 2 = 15.72 kg m 2 ; D 1 = 989 Nm. The inter-panel spacing, e, loss
factor, Tl, and back panel bending stiffness, D2, are as given below.
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Figure 7.

(a)

D 2 = 30659 Nm, TJ = 0.02,

f = 0.03 m.

(b)

D 2 = 30659 Nm, TJ = 0.06,

f = 0.03

(c)

D2= 741.75Nm, TJ = 0.02,f = 0.03m .

(d)

D 2 = 94944 Nm, TJ = 0.02, C = 0.03 m.

(e)

D2

(f)

D2 = 30659 Nm, TJ, = 0.02,

=

138462 Nm, TJ

=

0.02,

m.

t =

0.03 m.

=

0.05 m.

f

The variation of the absorption coefficient with angle of incidence
calculated using the double infinite panel model.

M 81

=

12.09 kg m- 2 ; Ms2

=

Parameter values:

2

15.72 kg m- ; D1 = 989 Nm; D 2

=

30659 Nm; TJ = 0.02.
(a)

f=0.03m,f=50Hz.

(b)

t =

(c)

f

(d)

t =

0 .05 m, f

(e)

t =

0.03 m; . . . , f

0.03 m, f

=

130 Hz.

= 0.03 m, f

=

150 Hz.

=

150 Hz .

=

420 Hz; _ __, f

=

440 H z; _ _, f

H z.
(f)

e=

(g)

f

=

0.03 m , f = 600 Hz.
0.03 m ; _ __ , f

=

2500 Hz; _ _ __, f

=

3000 Hz.
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The measured absorption coefficients for asbestos
roofi ng wi th and without spacing battens between
the outer (corrugated) and inner (flat) panels
(adaptcc: from re ference ?~6:i )
-*-* with 0 . 019 rn battens;
-. - ., without battens (i. e . , panels in contact).

y

z

FIGURE 3.

The infinite plate geometry . The panel thickness,
h, is assumed small compared to a wavelength; the
panel mass is assumed to be concentrated on the
plane z = 0.

y

Interface: (I)
Panel 1

(2)

(3)

(4)

Panel2

8

FIGURE 4. The double infinite plate absorption model:
geometry and notation.
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Errata: The Acoustic Absorption Characteristics of Modern Lightweight Building
Constructions: Background and Infinite Double Panel Model
1.
2.
3.
4.
5.
6.
7.

Figure caption 1. Lewis et al.
Figure caption 3. --concentrated at the plane"
Figure caption 4. Place colon after model
Figure captions 3 and 4. Replace ·'plate.. with --panel'"
Figure 5 caption. Replace --measured"' with --estimated''
Equation (7). Replace j with i
Page 17, first line. Insert --of' after ··frequencies'·

